Multiferroic materials exhibit a coupling between their intrinsic electric and magnetic fields known as magnetoelectric (ME) coupling. The ME coupling can be stress-mediated and is induced either magnetically or electrically. The linear ME coupling coefficient, α, gives a comprehensive description of this effect. However, the experimental determination of α is rather complex. In this paper, we report a simple and convenient experiment for the measurement of the magnetically induced ME coupling coefficient. Our experiment is based on the quasi-static piezoelectric coefficient measurement under applied magnetic field and can provide simultaneously the d 33 piezo-coefficient of a multiferroic sample and the magnetically induced α coefficient as a function of both applied ac and dc magnetic fields.
Introduction and theory
Important advances in materials science are critical for the development of new technologies, and multiferroic materials are very promising candidates for the realization of novel devices [1] . Multiferroics (also called magnetoelectrics) possess two or more switchable states such as electric polarization, magnetization or strain. Hence, they can change the electric polarization by a magnetic field or the magnetization by an electric field. The interplay between electric and magnetic states is realized via the magnetoelectric (ME) effect, which is defined as the coupling between electric and magnetic fields in matter. Although this coupling can have nonlinear components, the ME effect is usually described mathematically by the linear ME coupling coefficient (α), which is the dominant coupling term [1, 2] . In multiferroics, the internal magnetic/electric fields are enhanced by the presence of the multiple long-range ferroic ordering, which in turn produces large ME coupling effects. In addition, the ME coupling can be stress mediated in samples exhibiting piezo effects, especially when the two ferroic phases are clearly separated as in multiferroic laminates or composites [3] [4] [5] . In this case, the ME coupling effect is described by a device effective ME coupling coefficient α eff , which contains the linear effect and the stress-mediated component. The exact knowledge of the effective ME coupling coefficient is essential for the design of the devices and sensors based on multiferroics and there is a growing demand for suitable metrologies. In this paper, we discuss a measurement technique of the magnetically induced ME coupling coefficient. This requires a combination of two applied magnetic fields: a dc bias field and a small amplitude ac magnetic field. The angle between the two applied magnetic field vectors is critical. Studies of the ME coefficient as a function of this angle have indicated that the maximum effect is achieved when the fields are parallel to each other, while the effect is zero for the transversal case [6] . Moreover, the ME coupling coefficient can be measured in two geometries: electric polarization parallel or transverse to the applied magnetic fields. Experimental and theoretical studies have consistently reported that the ME effect is larger 0957-0233/08/045106+05$30.00 in the transverse geometry [3, 7] , which is also the case of our experimental setup.
Assume that a multiferroic material contains both electric and magnetic phases. In addition, assume that the two ordered phases exhibit piezo effects, piezo coupling effects and ME coupling. The coupling between thermal, electric, magnetic and elastic parameters of the material can be expressed using a thermodynamic approach. This will provide relations between macroscopic material parameters, which can be measured in different experimental conditions. Since in most situations we work at constant temperature T and use the external applied fields and stress as independent variables, it is useful to use the Gibbs free energy G(T, σ , H, E) as the thermodynamic potential, which for this multiferroic system is expressed as
where S is the entropy of the system, s ij kl is the elastic compliance fourth-rank tensor, σ kl is the mechanical external applied stress tensor, d e kij is the third rank tensor of the piezoelectric coefficient, d m kij is the third rank tensor of the piezomagnetic coefficient, π ij kl is the piezo-coupling constant fourth rank tensor, ε ij is the dielectric permitivity tensor, µ ij is the magnetic permeability tens or of the material, α ij is the ME linear coupling coefficient. The α ij E i H j represents the ME energy term, while higher order nonlinear coupling terms are not considered here. From (1), we can derive the total strain (x) of the system:
where the first term represents the strain due to the external applied stress, the second term is the piezoelectric strain due to the application of the electric field E, the third term is the piezomagnetic strain due to the applied magnetic field H and the final term is a piezo-coupling strain induced by the mutual piezoelectric/piezomagnetic effects in the sample or the strain-mediated ME effect. Performing standard thermodynamic differentiation of (1), the general expression for the electric polarization of a multiferroic system leads to
which can be rewritten using the condensed matrix notation as
where i, j = 1, 2, 3 and m = 1, 2, 3, 4, 5, 6, and α eff ij = α ij + π ij m σ m is the device effective ME coupling coefficient, which includes the linear ME coupling effect (α) and the piezo-coupling (or stress mediated) ME effect (σ π). In the case that there is no piezo-coupling in the system (i.e. π = 0) or no piezo effects within the two ordered phases, then the effective ME coupling coefficient is identical to the linear ME coefficient (α eff = α). If we now assume E = 0, then P = D, where D is the electric displacement, so (4) becomes
Equation (5) gives the electric displacement of a multiferroic sample at a constant temperature due to the application of an external stress (σ ) and magnetic field (H). Our experiment for the α eff measurement is based on this equation as detailed in the following section. We would like to stress that d e im in relation (5) has the meaning of a device effective piezo-coefficient if H = 0. If there is no applied magnetic field, the coefficient refers only to the ferroelectric component of the multiferroic system. Figure 1 shows the experimental setup of a quasistatic piezoelectric coefficient measurement (known as the Berlincourt instrument), which has been modified to accommodate the application of dc and ac magnetic fields. Both fields are applied in the one direction (i.e. in the sample plane) and they are parallel to each other. In this experiment, the stress is applied in the three direction to a multiferroic sample poled in the same direction and with electrodes on these faces. The experiment is performed at a constant room temperature with a constant amplitude applied ac stress (σ 3 = 0.1 N).
Experiment
The dc bias is generated using a set of NdFeB permanent magnets, while the ac field is produced by a set of Helmholtz coils. The effect of the applied magnetic field is observed only when the frequency and the phase of the ac current in the Helmholtz coils match those of the ac load. This has been achieved using the same function generator for the two excitations. The frequency of the signal during the measurements was 97 Hz, which is much lower than the electromechanical resonance frequency (350 kHz) of the measured multiferroic sample. The experiment occurs, therefore, in the low-frequency approximation regime [8] . By changing the current through the ac coils, a variable ac applied field has been achieved at a constant dc bias. When no ac field is applied, the dc bias field alone produces no effect. Changing the separation distance between the two permanent magnets has varied the dc bias field. The experimental measurement yields the direct value of the effective piezoelectric d e 33 coefficient in the short circuit setup (C N −1 ), as obtained from (5):
When the external applied magnetic ac field is zero, the measurement will provide the short circuit d . When the applied field is non-zero, according to (6) , the piezoelectric coefficient of a multiferroic sample varies linearly with the applied external magnetic field. After the field is removed, the sample always returns to its initial value d 
The open circuit α eff 31 coefficient has been determined by using the relationship between the short-circuit piezoelectric coefficient d 33 and the open-circuit piezoelectric coefficient g 33 :
where ε 33 is the dielectric permitivity of the material, ε 0 is the permitivity of the vacuum (ε 0 ∼ = 8.85 × 10 −12 C m
) and ε r is the relative dielectric constant of the material (in our case ε r = 1200). Hence, using (7) and (8) we obtain the open-circuit ME coupling coefficient (units of V m
Although we have performed only α 31 measurements, the longitudinal geometry in which the electric polarization and the applied magnetic fields are parallel to each other can also be used for the measurement of α 33 , using the same approach.
We have verified the accuracy of the experiment by measuring the open-circuit induced ME voltage (V 3 ) as a function of the applied magnetic field, which for a multiferroic sample is given by [9] 
This has been performed by lock-in detection of the induced voltage as a function of the applied ac magnetic field H 1 at different dc bias fields. Hence, if the precise value of the ferroelectric phase thickness t e is known, α 31 can be also obtained as Figure 3 shows the experimental values of the induced voltage V 3 as a function of the applied ac magnetic field H 1 for a few different dc bias fields. It is seen from the figure that the data follow the linear prediction of equation (10) . Using the experimental data from figures 2 and 3 we have derived α 31 -coupling coefficient using relations (9) and (11), respectively. Figure 4 shows the ME coupling coefficient variation as a function of the dc bias magnetic field, as derived from the two different measurements. The data indicate a reasonable agreement between the direct open-circuit method and the quasi-static piezoelectric coefficient method. The shape of the curve shows a nonlinear behaviour typical to laminated multiferroics. There are two minima at zero and saturating field, with a peak in the ME coupling coefficient at the optimum dc bias. The dc bias field corresponding to the peak is an important parameter for the design and operation of multiferroic devices. We measured a maximum ME coupling ) has been reported for a bi-layer structure in a bias field of around 500 Oe [10] and a value of just over 600 (mV cm
) has been reported for a laminated tri-layer sample in a bias field of 200 Oe [3] .
Although the shape and the data range of the curves plotted in figure 4 are in good agreement, at a closer inspection a difference of about 4-8% in the ME coupling coefficient derived from the two methods can be noted. This difference is related to the measurement errors of the proposed technique. In order to derive the ME coupling coefficient α 31 from the quasi-static method, the precise values of the relative dielectric constant ε r and the applied stress σ 3 (force/surface area) are required. In the case of the applied stress, both the applied force and the surface area must be known accurately. The surface area is particularly very hard to estimate for samples with irregular shape and can introduce important errors in the α 31 values. Errors could also be introduced by uncertainty in the measurement of the amplitude of the ac magnetic field, which is the case for both methods. One option is to theoretically estimate it (as in the case of this work) for a pair of Helmholtz coils, if the current/voltage supplied to the circuit is known together with the precise dimensions of the coils and their separation distance. However, the experimental setup contains metallic parts, the sample holder, the sample itself which would likely modify the theoretical magnetic flux profile so that the absolute values of the applied field at the sample are different than those theoretically estimated. Hence, the terms ∂d eff 33 /∂H 1 in equation (9) and (∂V 3 /∂H 1 ) in equation (11) can both contain errors.
Conclusions
Multiferroics are a very important class of multi-functional materials due to their suitability for advanced applications. Currently, there is a growing demand for specialized metrologies.
In this paper, we have demonstrated an experimental technique for determining the ME coupling coefficient of multiferroics, which involves the measurement of the effective piezoelectric coefficient in applied magnetic field. This approach is very useful for multiferroic metrologies because of the rich variety of techniques existent for the measurement of the piezoelectric coefficient. Our approach can be implemented on any of the existing piezoelectric metrologies with minimal modifications providing an enhanced instrument with the capability to measure the multiferroic ME coupling coefficient in addition to the piezoelectric coefficient. We also presented a theoretical relationship (9) between the device ME coupling coefficient (α) and the device piezoelectric coefficient for the stressinduced quasi-static measurements. This relation can be used to extract the α coefficient for any geometry measurement from similar type of experiments using its general form: 
For the estimation of the ME coupling coefficient based on the proposed technique, careful consideration should be given to the possible errors introduced in the derivation, as detailed in section 2.
